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(1) Objectives

Scientific objectives
= Improve the quality of weather forecasts \ B

= Advance the understanding of
atmospheric dynamics and climate
processes

Explorer objectives

» Demonstrate space-based Doppler Wind
LIDARSs potential for operational use

Observation means

» Provide global measurements of
horizontal line of sight (HLOS) wind
profiles in the troposphere and lower . o SR
stratosphere - ' “ J : ‘ = . S _ - aeol_,us_

because wnd mallers
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_F:\mcasl_criar fc 20140315, 2-+1_44 n'ﬁn'.& _ Approx error propagatlon
-419.048 240 _144 nr:d:g Error 75-35, 12.54?.5. 214.2{.-,-2:-_~5-1‘|1r‘t|: 240 481.372

(1) Forecast bust, Europ
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Magnusson, 2017
A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 5
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(2) Aeolus - Mission design Sy, SUN
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../../ATG-Medialab/2013 Aeolus Animations/10_ADM_WindProfiles.30.04.15.mp4

“Telescope

-, 1.5m diameter
- Cassgegrain type
- SIC structure
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aberration
generators

Interference filter (1 nm)
Field stop

Diameter 20 mm
Aperture stop
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(2) Ae0| us — ALADIN(AtmospﬁQE_%%gger Doppler Instrumen/ | \\\&\i—- esa

> Nd:YAG
> Diode pumped

> Wavelength
354.8nm

> Repetition rate
50.5Hz

> Emit energy
80mJ

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 10
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‘mirror

2013 2014
failure on ALADIN
laser after this point!

Courtesy of ALADIN Team B of the Aeolus Team | EPIC | 12/09/2019 | Slide 11
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Subtropical Jét | Polar Vortex

Launch _First published windifiieasuremenil

22 Aug 2018 | \ | Illl\‘_%
| i

Height (km)

b dm
Jjaropics| L B

) ] 1]
https://www.ese;.int/OurfActivities/ObservingfthefEa eolu‘s}Aeo us_wows_with_first_wind_data

https://www.esa.int/Our_Activities/Observing_

the_Earth/Aeolus/Watch_Aeolus_launch_replay ArCtIC Eq UatOI‘ Anta I'Ctlca Eq Uator
A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 12
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L2B Rayleigh-clear and Mie-cloudy results from file:
p3/working/orbit_5947_5947_sappa/AE_OPER_ALD_U_N_2B_20190901T224235_20190902T001235_0001.TXT
28

Launch DC
22 Aug 2018 7]

Altitude, wrt geoid (km)
R
| 1
———

[¢]

Lat: 5.9 8.2 10.6 13.0 15.4 17.9 20.3 22,6 25.0 27.4 29.8 32.2 34.6 37.0 39.4 41.8
Lon: ~79.8 -76.3 -76.7 -77.1 -7176  -779 -78.4 -78.9 -79.3 -79.7  -80.2 -80.6 -81.2 -81.7 -82.2 -82.7

HLOS wind O (m/s) Mean=0.33 Std.dev.=10.90 Count=1482
T T i T B T T T T T 3 T T
4
1 1 4 1 L 1 " 1 " 1 n 1 " 1
< >
https://www.esa.int/Our_Activities/Observing_ -27.60 -22.50 -17.39 -12.29 -7.18 -2.07 3.03 8.14 13.24 18.35 23.45 28.56 33.66
the_Earth/Aeolus/Watch_Aeolus_launch_replay
Courtesy of M. Rennie, ECMWF A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 13
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deesa

Tropics, conventional (aircraft, Preliminary studies with
radiosondes, profilers) wind SH, conventional wind short time series indicate

ook 1 improvement in forecast
| ] - Tropics troposphere winds
_ 1;3: ) ~1-2% at day 1-2
< 1or : - S. Hemisphere ~1-2% at
2 250} - day 1-2, 3% at days 4-6, and
=l : 5% at days 5-8
ool l - 2nd most important in SH!
850 -
97 98 99 100 101 102 98.0 985 990 995 100.0 100.5 101.0 NO 70/0 Of 28M data

FG std. dev. [%, normalised] FG std. dev. [%, normalised] '
Courtesy of M. Rennie, ECMWF A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 14
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(3) Inflight Observationsis

\ "

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 15
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(3) Inflight Observations: L\ t E_nergy

UV emit energy 1 Energy decrease

EMA

* Master oscillator alignment

- Photodiode calibration factor
* Laser diode degradation

- Can be revisited later

70

50

30
FMB

FMA FMB « Under investigation

billion shots

Anomaly
Switch to FMB

10

=

~9month

Oct2018 Jan Apr 2019 Jul Sep

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 16
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Num of shots

deesa

o {! ED?UU 4EI{IJI:}CI EOI?I'DI:} SGEIIDI:} 100000 12£}IEIDI:} 141}'00[) 160:{}00 Fl‘equel‘lcy noise
W shot-to-shot, av MHz 26.48 std MHz7.6981
z 2 « 1m/s = 5.64 MHz
IR o e e g aat &0 Lker & i 0 ) SIS A osn At Mhe A Ll LU L L un it .
£ ] - 5-7 MHz rms achieved
£ —501 — ' measurement, av MHz 26.37 std MHz1.5101  Mie channel fringe location in Orbltl
Laser Operation and Verlflcatlon Facilit . .
. - - g Y I (yet) uncorrelated time periods of

- 11-15 MHz

Courtesy of A. Clapponl ESTEC

increased frequency jitter (100MHz p-p)

- Orbital variation found

rms nadir attitude

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 17
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(3) Inflight Observations:Hot.Pi

Hot Pixels
Continuously increasing number of pixels show increased dark current
Longterm in the order of 2-15LSB =2e-/shot, partially RTS signature

Rayleigh ACCD Mie hot pixel [15, 14]

== HotPixelNoDC [15, 14] — HotPixel [15, 14]
— Pix I[14 14] Fix I[16 14]

W zg‘u‘w‘h,’a“ ﬂﬁk f"’i \f’“ l tn ‘,{ M al% U,zmliwh,wi q*

\l‘ W‘W’W MM “"‘NMW

Courtesy F. Weiler, DLR

- 20/12 20/12 21/12 21/12 22/12 22/12 23/12 23/12 24/12 24/12 25/12 25/12 26/12 26/12 27712 27/12
plxel COIumn 06:00 18:00 06:00 18:00 06:00 18:00 06:00 18:00 06:00 18:00 06:00 18:00 06:00 18:00 06:00 18:00
Date / UTC
A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 18

— 0l b c= ™ I Ww = " Il D R = B3Il i ¥ European Space Agency

w

LSB / a.u.
[\ )

range bin

=

0




\\\(&\k

€=

eSd

.

Hot Pixels
« Continuously increasing number of pixels show increased dark current
 Longterm in the order of 2-15LSB =2e-/shot, partially RTS signature

40
Rayleigh ACCD | Correctlon works! _
25000 . 20 g
‘ 20 %
20000 TR ! "N . 1‘3||1 ; } o
: e I 1l 0o
E I (1R e o
c = 15000 JASARRRIE IR H | s
8 ‘é,] ¥l ( N | | J | i} ! §[
()] T I f\ | I “ I
g i: 7 oo ST e | 3 | stl"lpe, u caus 1 0 5
= {1 ‘ | | \ -
v | x It M qY ho‘ up.*el 0
19 5000 g
i\ ‘ o
21 N A ‘ I I <
Kl | ! ‘ w il \l ‘I ‘ i ‘u U 1|\ \ il lll U
B Courtesy F. Weiler, DLR 0 Lo | el s Ty I 2
pixel column 12:30 13:00 13:30 14:00 14:30 15:00 N

2019-06-14713:00:.00 time 2019-06-14714:30.00
generated with VIirES https://aeolus.services/
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Summary

! CAN'T TAKE

_
v More than 13 years of development challenges Ll ) i
v" Invaluable experience has been gained, e.g.,

v" Laser thermal-mechanical design (energy, pointing
drifts) and susceptibility of laser frequency to micro-
vibrations

v Optical component development and testing for high
UV-energy lasers

Telescope thermal-mechanical design

Lidar system-level design (laser + optical receiver)
and its representative end-to-end testing (OGSE as
atmospheric simulator)

SN

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 20
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Summary

A " 3
AL gl

From a lidar-instrument perspective it was demonstrated

that;

v a space-borne, direct-detection wind lidar can
measure atmospheric winds by use of molecular
Rayleigh and aerosol/cloud Mie backstatter =>
technical proof

v a powerful UV lidar can be operated in space over 12

months with high frequency stability

v internal and atmospheric calibrations can be used to
characterize the instrument including returns from the

non-moving ground => bias corrections

v Positive impact on NWP according to first preliminary

results as reported by various met centers

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 21

— 0l b c= ™ I Ww = " Il D R = B3Il i ¥



Thanks

SBOLUS

becouse w/hc/ ma/fér“s

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 22
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Aeolus - Range Bin Strategy.., 7 {sesa

« Current settings will be kept global until October (data set July — Sep)
Northern Hemisphere + Tropics (+90 to -25deg latitude, stratospheric aerosol)
South Mid-Latitudes (-25 to -60deqg)
South Pole (-60 / -90deg, PSC)

« Campaign boxes with specific settings

w added (Sep to October)

(DLR-AVATARI around Iceland,

East Mediterranean Aerosol Range bin Settings)

Plans to perform special 3-week
measurement period for AMV (Oct)
(need 250m RBS in specific altitudes)

 New global settings Nov-Feb based on

first feedback and for Strateole2
(latitudinal belts 90-60-30deg)

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 23
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deesa

Highly dissipative Highly alignment
pump units sensitive MO

« UY En 20Pa MNom (original data)
- UV en20Pa 13 bolts Bl
UY en 20Pa 5 bolts

200 280 300 350

Combining highly dissipative
pump units and a highly
alignment sensitive MO
(without isostatic mounting) is
simply not good design and
should be changed

— I hm W = ] W

—
—

Relative energy evolution for different
mechanical configurations of the Aladin laser
pump units showing energy degradation of
30% over a few hundred hours (n.b. this only
happens in vacuum when the pump units are
ON). A residual element of this probably
caused the energy loss on FM-A.

Lessons learned:

O Where possible remove units
with high dissipation away
from alignment sensitive
components

a Attempt to minimize the
mechanical constraints on the
interface and/or the support
structure for the alignment
sensitive elements by making
their mounts iso-static

Design solutions:

0 Use ATLID design (PU’s moved
away from optical bench) with
additional pump unit with pre-
demonstration that this
improves the stability

O Improve the iso-staticity of the
mounts

=SS . @ISO -



Major development.lessons learned :

Sample test failures in white
Featuresin OLT testin pink

Piezo mirrot Isolator : :
: ‘

006 .

1 |
2004 200

0
UV HR

is/IRHR
|

oo ke
& { £ g

2010

2011 2013 2014

2012

2009

sk e Al

2) LID: control.your proce%a

nd test as

Porous coating
@ B o Spectral shift

Porous coatings
release water in
vacuum leading to
a spectral shift
(due to effective
refractive index
change) and a
massive reduction
in the laser damage
threshold (due to
generation of
tensile stress in the
coating)

X5 reduction in LIDT

UV AR

YN No laser damage failure on
S Aladin laser after this point

Laser-induced damage events during the Aladin laser development

Lessons learned:

Q If you operate in vacuum, test in vacuum

O Use fully densified coatings

0 Use processes that inherently reduce the number of
small defects on both substrates and coatings

O Ensure adequate physical-chemical analysis is
undertaken to avoid potential problems and control

processes

Good sybstrate

Poor substrate

Micrtl;graphs
Small defects can lead to damage after 10’s of Mshots and
they can arise from many sources

— Il bz - W= "Il =il

= B European Space Agency
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Major development.lessons learned

eéfopt@

eSd

3) LID: you are only as good

Check for localised defects
(laser raster scan)

Initial filtering of optic quality
(S-on-1 damage test)

surface tested)

Damaging fluence [Vem?

Mumber of pulses
>350 individual optics and >30

tests)

i

3| dninesdpocation

THG Zlarmbda test
(DLR)
Emission path
sarmple optics
(ESA)
BeX folding mirrar
on defect (ESA)

Flip flop mirror
(LLG)

%2 operatio '|a|

fluence; 50%
of beam area;

BeX folding mirror
(LLG)

THG (LLG)

Verify lifetime requirement
(sample endurance/lifetime

screening test

=100 optlcstested and >50

different manufacturing processes flight optics screened

tested

Laser raster scan on BeX folding sample (DLR Stuttgart)

o =t
ex foding mirror
Sample (Tafeimaier
HR45de; HRGSA)
Coherent Infiniy lase
(100w, 3550m; 30 pule)

Accelerated lifetime irradiation of precursors activated by
raster scan (ESTEC Laser Laboratory)

Photonics Industries laser

_—

Fluence (J/cm"2)

Operational fluence in orbit

(1KHz; 3510m; 100ns pulse) 0
0.0 20 40 60 80 100 120
Equivalent operational months
—
— ] bz - I W = " 1011 -
— 1| = = —

0 500 1000

Mshots

1500

Lifetimeat

operational fluence

+30% margin?

:yo,yr weak

Instrument level testing with FM-A

Lessons learned:

O Test the full area of the
optic which contains the
beam

O If damage precursors are
activated then perform
test directly on the defect
to ensure it will be stable

O Test for an adequate

number of shots

Q Ensure there is a margin
on LIDT by > x2

== A 1 5] -

Total

IFP

oLT4

o2

oLz

oLl

I+l

Imaging inconclugive

200 z00 400
Mshots
Il Air (FM-2) [ Air (FM-B)

u] 100

O

Instrument level testing of the
weakest optic in the emission
path

European Space Agency
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Outgassing §

Energy (J)

=
355nm laser = r::r P i
0.00 . :
+ I o 0 2 4 &
. . Highly absorbing, i
Vacuum Deposits 10’s of nm thick especially in the UV Time (hrs)

Loss of 50% of the energy of the Aladin EM laser
LIC: highly absorbing deposits formed by the interaction of the laser with organic outgassing vacuum test after 6 hrs (not good for a 3yr mission)

on the surface of optics

Normalized trends 0, z
(referencepoint 2a/0312016)  2e-Aladin laser | assons learned:

UV energy loss in

- 00 ° ?: Creation of Intrf)duction | &1&@ D CIaSSical contamination
+ ‘o°z°§ : &M :1:?: e of air : X</ e ?t;ﬁ\_ control method_s dO_ I‘_lOt
Qutgassing 0 o q %’:"" \\;\ ~ ,A\ *\f StOp LIC but Stl" mltlgate
. %o § RN \ - its effect
A ». 20% loss on 2 0Gst optics ... ] Get rid of “bad” materials
355nm laser Y ! exposed to “hard” vacuum i .
ﬁ o -\ - shows directly the (silicones, aromatics,... as
) | | —— 5 i} ;rgg:c;:f the absence of fal‘ as you Can)
O High power lasers need

Introduction of O, eradicates LIC

an oxidising environment
Loss of 5% energy after 6 months to operate in

Il = = 3= e B Il = IZEXSE i 4 European Space Agency
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Rayleigh

e

M4
{€)

—1

A

—_— 01 b= - 4=

Lux et al., 2018

—
—

e —
Upper optical bench

Parameter

Dimensions

Volume

Mass

Power consumption
Wavelength

Pulsewidth

Pulse repitition frequency
Energy (IR)

Energy (UV)

Harmonic section conversion
efficiency

Peak fluence (UV)

Wall plug efficiency (UV)

a2 ¥

Lower optical bench

Value
(582x422x215)mm
30L

30Kg

300w

354.8nm

20ns (FWHM)
50.5Hz

280mJ]

80mJ

28%
1Jcm2
1%

European Space Agency



s

(1) Wind information in recent.E &\%esa

Obs type Mean assigned
u-wind error

(m/s)

AMVs 47 4.6
Scattero 23 1.5
meter

Radiosondes 11 2.0
Wind 10 1.8
profilers

Aircraft 9 2.4

Rennie, 2014
4.36
A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 30
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(3) Inflight Observations:ik

Harmonic Bias
« Orbital cycle of satellite to surface distance and thermo elastic variations
result in harmonic residual of the “zero wind” surface return

3E_Q North Pole EQ South Pole EQ - Seasonal variation
HBE estimation /\

L Data « Introduce bias up to
- 2-
£ +6m/s that can be
=
g 1-/\// corrected to about 1m/s
; 05-
o -05-

« Non-orbital biases under

:] T I I I I I I I I I I I I I I I I I

1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 36
Courtesy 1. Nikolaus, Phy. Solutions Argument of latitude /°

investigation

A member of the Aeolus Team | EPIC | 12/09/2019 | Slide 31
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This presentation was presented at

EPIC Meeting on New Space 2019
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